Background: Hospital-acquired pressure injuries (HAPIs) typically develop following critical illness due to immobility and suboptimal perfusion. Vitamin D helps to maintain epithelial cell integrity, particularly at barrier sites such as skin. It is unclear whether vitamin D status is a modifiable risk factor for HAPIs in critically ill patients. Our goal was to investigate the relationship between admission 25-hydroxyvitamin D (25OHD) levels with the development of HAPIs in surgical intensive care unit (ICU) patients. Methods: We performed a retrospective cohort study of patients admitted to surgical ICUs at a major teaching hospital in Boston, Massachusetts. To investigate the association of 25OHD levels with subsequent development of HAPIs, we performed logistic regression analyses, controlling for body mass index, Nutrition Risk in the Critically Ill score, ICU length of stay, and cumulative ICU caloric or protein deficit. Results: A total of 402 patients comprised our analytic cohort. Each unit increment in 25OHD was associated with 11% decreased odds of HAPIs (odds ratio [OR] 0.89; 95% CI 0.840.95). When vitamin D status was dichotomized, patients with 25OHD <20 ng/mL were >2 times as likely to develop HAPIs (OR 2.51; 95% CI 1.065.97) compared with patients with 25OHD >20 ng/mL. Conclusion: In our cohort of critically ill surgical patients, vitamin D status at ICU admission was linked to subsequent development of HAPIs. Randomized, controlled trials are needed to assess whether optimizing 25OHD levels in the ICU can reduce the incidence of HAPIs and improve other clinically relevant outcomes in critically ill patients. (Nutr Clin Pract.
Introduction
Pressure injuries are a common medical condition used as an important metric of quality in hospital-based care. 1 Every year, between 1 million and 2.5 million individuals in the U.S. develop pressure-related injuries during their hospitalization, 2, 3 an outcome that is painful 3, 4 and potentially life threatening. [5] [6] [7] Moreover, the cost to treat a single hospital-acquired pressure injury (HAPI) is substantial 3 ; the average charge per injury in 2006 was approximately $48,000. 8, 9 This figure conservatively extrapolates to $11 billion annual burden to the U.S. healthcare system, 9 since this estimate excludes nursing home and home health aid costs. 9 Likewise, the formation of HAPIs has been associated with significant clinical sequelae, such as prolonged hospital length of stay (LOS), 1, 9, 10 increased rates of local infection, 9 sepsis, 6 and osteomyelitis. 9, 11 Specific risk factors, such as prolonged periods of immobility, 12, 13 increased severity of disease, 12 anemia, 12 hemodynamic instability, 12 impaired immunity, 14 medical comorbidities, 15 and malnutrition 16, 17 have been associated with increased risk of pressure injury formation. 1, 8 As such, critically ill patients are particularly at risk for developing pressure injuries during their acute care hospitalization. 1, 18 Given the clinical and economic ramifications of HAPIs, there has been a growing interest in identifying modifiable risk factors that impact the likelihood of developing pressure injuries while in the hospital. 17, 19, 20 Although optimization of macronutrient delivery and supplementation with various micronutrients (eg, vitamin C, zinc, copper) may appear intuitive, 17, [20] [21] [22] strong evidence for their use and optimal dosing strategies during critical illness remain underexplored. Another such underexplored nutrition factor is vitamin D status. [23] [24] [25] This pleotropic prohormone plays a central role in immune function, 26 epithelial cell integrity, 23 and wound healing. 27 However, few studies have explored vitamin D status as a potential modifiable risk factor for the prevention of HAPIs in critically ill patients. Since total 25-hydroxyvitamin D (25OHD) levels are generally considered the best marker of whole body vitamin D status, 28 our goal was to investigate the association of 25OHD levels upon admission to the intensive care unit (ICU) with the subsequent development of HAPIs in critically ill surgical patients.
Methods

Data Source
We performed a retrospective analysis of data from an ongoing, prospective study of nutrition in critical illness. Patients were recruited from 2 18-bed surgical ICUs at a 1052-bed teaching hospital and level I trauma center which serves the city of Boston and eastern Massachusetts. The adult surgical ICUs serve identical patient populations, which includes the full spectrum of critical illness, with the exception of burn injuries, cardiac patients after surgery, and those admitted primarily for postcoronary intervention care. The local Institutional Review Board approved the study protocol.
Inclusion and Exclusion Criteria
For our patient cohort, we included all adult male and female patients (>17 years old) from 1 of 2 surgical ICUs who were expected to require >48 hours of critical care, and who were expected to require enteral or parenteral nutrition. For this study, we limited our analysis to include patients between June 1, 2012, and May 30, 2015, in whom blood samples to assess 25OHD levels were obtained within 24 hours of ICU admission, and in whom a nutrition assessment was performed within 48 hours of ICU admission. Patients with a documented pressure injury at the time of ICU admission were excluded from our analysis, as were individuals with a known history of anemia (defined as hematocrit <25%) and patients who were pregnant or immediately postpartum. To minimize confounding from chronic illness, we also excluded patients who had been transferred from another ICU, patients who had a documented ICU admission within 1 year of their present ICU admission, and patients who were either bed-bound or had severe restrictions in mobility at baseline.
Blood Sample Processing and Biomarker Assays
Fresh blood samples used to determine serum 25OHD levels were collected using EDTA-containing, lavender-top tubes. Samples were stored on ice (for ࣘ30 minutes) and subsequently centrifuged at 2300 rpm for 15 minutes at 4°C to isolate plasma from each sample. Once separated, plasma was then transferred to polypropylene tubes and stored at ˗80°C for biomarker testing. Plasma 25OHD levels, which include both D 2 and D 3 , were assessed with a commercially available enzyme-linked immunoabsorbent assay kit (Abbott Laboratories, Abbott Park, IL). Intraassay and interassay coefficients of variation, assessed by the research team, were both <10%.
Primary Exposure and Outcomes
Our primary exposure of interest was vitamin D status, expressed as serum 25OHD levels obtained within 24 hours of ICU admission. Our primary outcome of interest was the development of a pressure injury. HAPI was identified as any newly documented pressure injury during the course of ICU hospitalization. Documentation and images for all HAPIs were thoroughly reviewed and staging was updated to be consistent with the criteria outlined in the 2016 Wound, Ostomy, and Continence Nurses Society classification. 29 
Clinical Data Collection
The electronic medical record for each patient who met inclusion/exclusion criteria was reviewed to obtain the following baseline demographic information: 1) age; 2) sex (female vs male); 3) race (non-white vs white); 4) body mass index (BMI); 5) cumulative caloric deficit during ICU admission; 6) cumulative protein deficit during ICU admission; 7) the modified Nutrition Risk in the Critically Ill (NUTRIC) score; 8) ICU LOS; and 9) hospital LOS. The NUTRIC score is a validated risk assessment tool used to predict the risk of malnutrition in critically ill patients. 30, 31 The NUTRIC score uses the Acute Physiology and Chronic Health Evaluation II score, Sequential Organ Failure Assessment score, and number of baseline comorbidities in its assessment. Thus, these individual severity of illness scores were not included in our analyses.
Statistical Analyses
Descriptive statistics for our analytic cohort were calculated for patients who developed a HAPI vs those who did not. Categoric values were expressed as proportions and compared using χ 2 tests. Continuous variables were reported as either mean with standard deviation or median with interquartile range and compared using t-tests or log-rank tests, respectively.
To investigate the association of vitamin D status with the development of HAPI, we performed logistic regression analyses, while controlling for the biologically plausible covariates of BMI, cumulative protein or caloric deficit, NUTRIC score, and ICU LOS. For our first regression model, vitamin D status was treated as a continuous variable. For our second regression model, vitamin D status was treated as a dichotomous variable, while controlling for the same covariates. Vitamin D status was dichotomized based on conservative thresholds of 25OHD levels ࣙ20 ng/mL vs <20 ng/mL. 32, 33 Given the dearth of literature on the relationship between serum 25OHD levels and HAPIs, a true a priori sample-size calculation could not be performed. Instead, we assumed that there would be a large effect size (0.35) when comparing HAPI risk between patients with 25OHD levels ࣙ20 ng/mL vs <20 ng/mL. Under this assumption, with a total of 5 predictors in the regression model, α set to .05, and power set at 0.8, a minimum of 43 patients would be required in each arm to detect this difference between groups. All analyses were performed with STATA 13.0 (StataCorp LP, College Station, TX). A 2-tailed Pvalue < .05 and a 95% confidence interval (CI) that did not span 1 were considered statistically significant for our analyses.
Results
Our analytic cohort was comprised of 402 adult surgical ICU patients. Of these patients, 100 have been described in previous manuscripts related to vitamin D status and duration of mechanical ventilation, readmission, LOS, and mortality. 32, 34 On admission to the ICU, the mean serum 25OHD was 18 (SD 8) ng/mL; the incidence of HAPI in our cohort was 11% (n = 44). Stage 1 pressure injury was evident in 46% of patients who developed a HAPI, while 40% of them were at stage 2, and 14% were at stage 3. Baseline demographic and laboratory information of the analytic cohort is shown in Table 1 . Generally, aside from lower admission 25OHD levels, patients who developed HAPI were more likely to be female and to have higher NUTRIC scores. In our first model, logistic regression analysis was used to investigate the association of admission serum 25OHD as a continuous variable and the formation of HAPIs controlling for BMI, cumulative caloric deficit, NUTRIC score, and ICU LOS. In this analysis, we found that each unit increment in 25OHD was associated with 11% reduced odds of HAPI formation (odds ratio [OR] 0.89; 95% CI 0.84-0.95). When vitamin D status was dichotomized in our second logistic regression model using the same covariates, patients with 25OHD <20 ng/mL were >2 times as likely to develop a HAPI (OR 2.51; 95% CI 1.06-5.97) compared with patients with levels ࣙ20 ng/mL. In both models, substituting caloric deficit for protein deficit did not materially affect the results (OR 0.89; 95% CI 0.84-0.95 and OR 2.60; 95% CI 1.11-6.09, respectively).
Discussion
In this study, we investigated the relationship between serum 25OHD levels and the development of HAPIs. Our data suggest an inverse association between admission vitamin D status and the subsequent formation of pressure injuries in a cohort of critically ill surgical patients. However, given the retrospective nature of this present study, our results are hypothesis-generating only and do not establish causation. Regardless, the biologic plausibility of an association between vitamin D status and pressure injuries is undeniable.
Pressure injuries are a medical condition caused by a combination of pressure, immobility, shear, and friction. 3, 9, 27 Typically formed on areas of the body vulnerable to long periods of compression, soft-tissue damage is a result of locally impaired microcirculation and subsequent tissue hypoxia and ischemia. 1 It is estimated that ࣘ40% of patients develop pressure injuries during their ICU hospitalization, 13 an outcome that is often seen as a reflection of inadequate hospital-based care. 18 In a secondary analysis of data from a recent multicenter study (n = 7291), ICU patients were 3.8 times more likely to develop a HAPI compared with those not admitted to the ICU (relative risk 3.8; 95% CI 2.7-5.4). 1 Recent studies have also found pressure injuries to be associated with important clinical outcomes in critically ill patients. 35, 36 Graves et al performed a cross-sectional analysis from an ongoing prospective study (n = 2500), and found pressure injuries to be independently associated with a prolonged hospital LOS compared with those who did not develop a HAPI (4.31 days; 95% CI 1.85-6.78). 35 Furthermore, Manzano et al investigated the association between newly developed pressure injuries and in-hospital mortality in a single-center, prospective cohort study of medical-surgical ICU patients. 36 In this analysis, pressure injury development while hospitalized in the ICU was an independent predictor of in-hospital death (adjusted hazard ratio 1.28; 95% CI 1.003-1.65, P = .047). 36 These analyses continue to highlight the significance of HAPIs as an important healthcare issue in those who are acutely ill.
Although several interventions, guidelines, and risk assessment tools are available to clinicians to potentially aid in the prevention of pressure injuries, 5,37-39 the incidence and cost of HAPIs continues to increase. 18 Indeed, ICU patients continue to demonstrate the highest incidence and prevalence of pressure injuries when compared with the total hospital population. 13 Although inadequate ancillary care is reasoned to be a major cause of pressure injury formation, 1, 18 it is important to note that pressure injuries are remarkably complicated, multifactorial, chronic wounds with physiologically impaired wound healing. 17, 18, 40 Unlike acute wounds, pressure injuries do not complete the distinct phases of wound repair, described as inflammation, proliferation, remodeling, and maturation. 22 Instead, these injuries are stalled in the inflammatory stage of wound healing due to excessive proteolytic and neutrophilic activity, an environment that halts the sequential, coordinated cascade of events necessary for tissue restoration. 17, 22, 40 High levels of matrix metalloproteinases found in chronic wounds degrade the extracellular matrix, reduce the concentration of growth factors, and impair fibroblast as well as endothelial cell proliferation. 17 Excessive proteases also upregulate the production of proinflammatory cytokines (eg, tumor necrosis factor-α) 17 and increase the recruitment of neutrophils, 17 immune cells known to release locally damaging free radicals. 22 Through this process, chronic wounds are subjected to sustained, elevated levels of inflammation, an environment that consequentially delays epithelial repair and regeneration. 17 Thus, the regulation of the inflammatory response is crucial in promoting softtissue repair.
Accordingly, vitamin D, a nutrient and pleotropic prohormone, found to directly influence both local and systemic inflammation, is gaining increased clinical interest for its potential role in wound healing. 25, 41 Integral in maintaining musculoskeletal health, 32 epithelial integrity, 23, 24, 28 and immune function, 26, 28 vitamin D regulates the inflammatory process by upregulating the production of antiinflammatory cytokines, 42 while concurrently inhibiting proinflammatory cytokine production. 25, 43 Moreover, vitamin D is essential for the production of cathelicidins and β-defensins, both potent groups of antimicrobial peptides 41 which provide innate defenses against pathogens, maintain the structural integrity of various epithelial barriers, and aid in wound re-epithelialization. 26, 41, 44, 45 Yet, despite its pathophysiologic role in regulating inflammation 25, 43 and epithelial regeneration, 26, 41, 44 the influence of vitamin D on pressure injury formation has remained underexplored. Perhaps a barrier to more widespread testing for low vitamin D status and subsequent repletion in ICU patients is the current ambiguity about what may be considered "optimal" 25OHD levels. The U.S. Endocrine Society 46 considers 25OHD levels <10 ng/mL, ࣙ10-<20 ng/mL, ࣙ20-<30 ng/mL, and ࣙ30 ng/mL to be severely deficient, deficient, insufficient, and sufficient, respectively. On the other hand, the Institute of Medicine 47 considers <20 ng/mL vs ࣙ20 ng/mL to be inadequate vs adequate, respectively. There are several potential reasons for such discrepancies, which are beyond the scope of this discussion. While it continues to be a hotly debated topic, 48 both guidelines and our own data 31, 49 suggest that 25OHD levels ࣙ20 ng/mL are universally desirable.
While our findings are intriguing, it is important to address the potential limitations of our study. Observational studies are limited because they are subject to reverse causation and confounding and, by design, are missing a randomly distributed exposure. In this present study, although we controlled for a number of biologically relevant covariates to minimize the risk of confounding, variables remain in our current data set which affect HAPI formation in the ICU, and we were unable to fully adjust for them, such as smoking history, 15 total vasopressor requirement, 50 exogenous corticosteroids use, 22 prolonged immobility, 39, 51 and suboptimal hydration status. 16, 21, 22 Moreover, a universal approach to describing nutrition status in ICU patients remains elusive, and because low 25OHD levels may reflect overall poor nutrition health, we may not be able to fully adjust for this. However, for our analyses, we did include BMI (a baseline characteristic routinely used in categorizing malnutrition) 52 as proxy of nutrition status in conjunction with the NUTRIC score, a risk stratification tool that may help clinicians identify individuals who are at increased likelihood of becoming malnourished while in the ICU. 30 In addition, we were underpowered to investigate the association of vitamin D status with severity of pressure injury since the majority of the HAPIs were stage 1 or 2 pressure injuries, and our primary outcome measure was the first documentation of an HAPI. Finally, our study is limited in that our analytic cohort was derived from a single tertiary-care center of surgical ICU patients. Thus, the generalizability of our finding may be limited because our results may not necessarily be extrapolated to other patient populations. These issues and others will need to be addressed by future prospective studies to replicate and extend our findings.
Conclusion
Optimization of vitamin D status is a potentially costeffective intervention that may aid in decreasing the risk of pressure injury formation in patients particularly prone to skin breakdown. Our data support the notion that assessment of vitamin D status at initiation of care in critically ill patients should be strongly considered along with a strategy for timely and targeted repletion. Future prospective, randomized, controlled trials are needed to further assess the impact of improving serum 25OHD levels on the subsequent formation of HAPIs in critically ill patients. Quraishi drafted the manuscript. All authors critically revised the manuscript, agree to be fully accountable for ensuring the integrity and accuracy of the work, and read and approved the final manuscript.
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